We studied experimentally the dynamics of the exchange interaction between two antiparallel electron spins in a so-called metastable double quantum dot where coupling to the electron reservoirs can be ignored. We demonstrate that the level of control of such a double dot is higher than in conventional double dots. In particular, it allows to couple coherently two electron spins in an efficient manner following a scheme initially proposed by Loss and DiVincenzo [1] . The present study demonstrates that metastable quantum dots are a possible route to increase the number of coherently coupled quantum dots.
We studied experimentally the dynamics of the exchange interaction between two antiparallel electron spins in a so-called metastable double quantum dot where coupling to the electron reservoirs can be ignored. We demonstrate that the level of control of such a double dot is higher than in conventional double dots. In particular, it allows to couple coherently two electron spins in an efficient manner following a scheme initially proposed by Loss and DiVincenzo [1] . The present study demonstrates that metastable quantum dots are a possible route to increase the number of coherently coupled quantum dots. An important stream of research is nowadays to develop tools to operate and control quantum nanocircuits at the single electron level. The coherent manipulation of the spin of an electron trapped in a quantum dot is now well established [2] [3] [4] . Some of the most advanced spin manipulation schemes take advantage of the important control of quantum dot systems defined with lateral gates in a two dimensional electron gas (2DEG). However, the possibility to exchange electrons between the dot and the reservoir reduces the available tuning parameter space and renders the manipulation of multidots almost intractable. Isolating the electron from the reservoirs [5, 6] could therefore not only restore the full tunability of the dot system and simplify the control of multidot systems but can also remove parasitic effects occuring during electron spin manipulation such as photon assisted tunneling [7] .
Here we demonstrate that coupled quantum dots can be defined and well controlled in a metastable configuration above the Fermi energy, where the coupling to the electron reservoir can be ignored. The tunnel coupling between the dots can be easily tuned over several orders of magnitude while keeping the number of electrons in the dots constant. This allows us to perform controlled exchange oscillations between two electron spins by changing only the tunnel coupling between the dots as initially proposed by Loss and DiVincenzo [1] . In this way, the exchange interaction is maintained at a sweet spot with respect to charge fluctuations. Such a manipulation scheme is directly compatible in a quantum electronic circuit where the transfer of the single electron is performed with the help of SAWs [8] . In addition, the simplification in terms of dot tunability could have some impact on the scaling of the number of coherently controlled quantum dots.
The quantum dot system is fabricated using a GaAs/AlGaAs heterostructure grown by molecular beam epitaxy with a 2DEG 100 nm below the surface. It is formed by local depletion of the 2DEG by means of metal Schottky gates deposited on the surface of the sample. The inset of Fig. 1(a) shows a scanning electron microscopy (SEM) image of the sample used in the experiment [8] . An electrostatic calculation of the potential experienced by the electrons is presented in Fig. 1(b) . The left dot, called the charging dot, is the only one connected to the Fermi sea and permits the charging of the metastable double dot with electrons. The right one, called the channel dot, is realized with the two long gates and lies few meV above the Fermi energy. The voltage V R applied on the gate R allows to tune the interdot tunnel coupling t. The voltage V L applied on the gate L is used to close the barrier between the charging dot and the reservoir but also to change the detuning between the dots. Both gates are connected via low temperature home made bias tees to high bandwidth coaxial lines allowing GHz manipulation. The frequency range of the low-frequency section of the bias tees is DC-1 MHz permitting fast loading of the electrons. The charge state of the loading dot can be monitored using an on-chip electrometer (a quantum point contact (QPC) defined with the red gate in the inset of Fig. 1 (a) ) with a 1 kHz detection bandwidth imposed by the room-temperature electronics. Measurements have been performed in a dilution refrigerator with a base temperature of 60 mK. A 100 mT magnetic field is applied in the plane of the 2DEG. eracy lines between n + 1 and n electrons are observed down to zero electrons. For V L < −0.52 V, the charge degeneracy lines are disappearing which indicates that the exchange of electrons between the charging dot and the lead has been suppressed. Therefore the number of charges contained in the dot system remains fixed until the end of the sweep and can be changed with V R . Deeper in this metastable region (lower part of Fig. 1 (a)) additional lines can be seen which are the results of tunneling to the channel quantum dot. Since electron exchange with the leads is forbidden, only the charge distribution between the dots can be varied: for the case of n electrons contained in a metastable double dot, only n charge degeneracy lines are expected. This leads to a drastic simplification of the obtained stability diagrams that could be useful for the control of multidot structures.
In the metastable configuration, we are able to characterize the double dot with a fixed number of electrons over a wide range of gate voltages. It is indeed possible to load first the charging dot with the desired number of electrons and then rapidly promote them into the metastable position with a microsecond gate pulse. Finally, the system is scanned from that position to reconstruct a stability diagram of the metastable double dot. Figure 2 shows the observed stability diagram with the overall electron number fixed to one (two) and shows one (two) continuous interdot charge degeneracy lines. Contrary to the case where double dots are coupled to the leads, t can be tuned over many orders of magnitude while keeping the number of electrons constant. Indeed, stochastic tunneling events are observed for the most negative values on V R , giving a tunnel coupling smaller than the measurement bandwidth (kHz). For less negative V R , the lines are broadened until being too wide to be seen, implying that the tunnel coupling overcomes the effect of temperature (GHz). The demonstrated control over t is at the heart of the scheme initially proposed by Loss and DiVincenzo [1] to couple two electron spins efficiently via exchange interaction.
For large t, the exchange coupling J is the dominant interaction and the singlet is a good eigenstate when one electron is present in each dot. For small t, J becomes negligible with respect to the effective magnetic field gradient ∆B z induced by the coupling to the nuclear spins of the heterostructure [11] . As a consequence, mixing between singlet and triplet states occurs. To infer the relative strength between J and ∆B z , we probe where spin states are mixed in the gate voltage space. The protocol is as follows: two electrons are first injected in the charging dot and initialized in the singlet ground state by waiting longer than the relaxation time at position L; second, the electrons are brought on microsecond timescales to position A ; third, we scan the system with a microsecond pulse over the dashed green rectangular region depicted on Fig. 2(b) while adding a fast pulse of duration 50 ns and of amplitude 80 mV to the gate V L ; finally we proceed to the spin measurement in bringing the system to point M in Fig. 2(b) where energy selective spin readout is performed (see Fig. 3 for details) . The resulting spin mixing map is presented in Fig. 3 (b) . In the (2,0) region, the system remains in the singlet state. Once the (2,0)-(1,1) charge transition is crossed, we observe spin mixing in the (1,1) charge region only for V R < −0.40 V. This is consistent with the small tunneling region identified in Fig. 2 where J is supposed to be smaller than ∆B z . We confirmed our interpretation by analyzing the typical timescale for mixing. The data are presented in Fig. 3 (c) and are characterized by a Gaussian decay of 17 ns, a timescale comparable to the one reported for double dots coupled with the leads [11] . For V R < −0.40 V, J becomes dominant with respect to ∆B z and the system remains in the singlet state. No mixing is observed in this gate voltage region except for a thin line. It arises from the S − T + crossing [12] , consistent with our interpretation. We can confirm its nature from the dependence of the line with the external magnetic field (data not shown). We therefore demonstrate that we can control J with t from kHz to several GHz in metastable double dots. To induce coherent flip-flops between electron spins, switching J on and off with t has the main advantage of keeping the system in a sweet spot dJ/d = 0 [1] (see Fig.3 c) . The coherent exchange pulse sequence is presented in Fig. 4 (a) . A two-electron singlet state is initialized and brought to the metastable double dot in the (2,0) charge state (point B). A nanosecond pulse on V L brings the system to the (1,1) region with large t (point C), where the singlet is still a good eigenstate. The system is then pulsed adiabatically to point D where t is small and ends up in the eigenstate state of the Overhauser field |↑↓ . Finally a fast pulseon V L of duration τ E is applied to reach point E which projects this state back into the S − T 0 basis and allows rotation from |↑↓ to |↓↑ at a frequency J/h. The pulse amplitude (PA) defines the tunnel coupling t p during the coherent evolution. A mirror sequence followed by a spin measurement enables to recover the triplet probability after the rota- tion. The resulting coherent oscillations for different t p are presented in Fig. 4 (b) . The contrast of the oscillations reaches only 50% which is attributed to imperfect preparation of the Zeeman eigenstates via adiabatic passage from the initial singlet state in the charging dot. As expected, the larger t p is, the larger J will be. When fitting J with a damped oscillatory model, we find an almost linear dependence of the oscillation frequency with PA. No significant change in T * 2 is observed, which is consistent with the linear dependence of J with PA on V R .
In Fig. 4(c) , we present a series of coherent exchange oscillations at fixed PA for different V L and therefore different between the two dots. In this way, we leave the sweet spot and the system becomes sensitive to the charge noise in . Indeed, the closer to the (1,1)-(2,0) crossing the system is, the more important the influence of on J and on T * 2 should be. As expected, we observe a significant acceleration of J as the system approaches the (1,1)-(2,0) crossing. This observation is consistent with the exponential -dependence of J reported previously [12, 13] . It implies that the sensitivity dJ/d to noise in detuning also increases exponentially. This is consistent with the reduction of T * 2 as the system approaches the (1,1)-(2,0) crossing and the drastic reduction of the observed number of oscillations. The reported behavior has to be compared with the previous situation where T * 2 remains constant when t p is increased. Therefore our analysis demonstrates the advantage of the coherent exchange manipulation controlled by the tunneling.
In conclusion, we have investigated the dynamics of two-electron spin states in a metastable double quantum dot. The extreme tunability of the dot system allows to map the mixing process between the two-electron spin states over a wide range of detuning and tunnel-coupling between the dots. It enabled us to perform coherent spin flip-flop between two electron spins in keeping the system in a sweet spot with respect to the detuning charge noise. This work demonstrates coherent manipulations compatible with fast and efficient transfer of a single electron with surface acoustic waves and paves the way towards the coherent control of multi-tunnel-coupled quantum dots.
